Experimental Validation of Circumferential, Longitudinal, and Radial 2-Dimensional Strain During Dobutamine Stress Echocardiography in Ischemic Conditions  by Reant, Patricia et al.
E
c
l
t
(
e
m
c
F
U
F
a
Journal of the American College of Cardiology Vol. 51, No. 2, 2008
© 2008 by the American College of Cardiology Foundation ISSN 0735-1097/08/$34.00
PExperimental Validation of
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Objectives The aim of this study was to assess and validate 2-dimensional (2D) strain for the detection of ischemia during
dobutamine stress echocardiography (DSE).
Background Evaluation of abnormalities of left ventricular (LV) function from wall thickening during DSE is unsatisfactory and
requires a high level of expertise.
Methods In 10 open-chest anesthetized pigs, myocardial deformation was studied before and during dobutamine infusion,
under control and ischemic conditions produced by various degrees of coronary artery constriction: 2 of nonflow-
limiting stenoses (NFLS) of increasing severity reducing left anterior descending artery hyperemic flow by 40%
and 70% and 2 flow-limiting stenoses (FLS) reducing resting coronary flow by 25% and 50%. Agreement be-
tween 2D strain echocardiography and sonomicrometry (reference method) was evaluated by linear regression
and Bland-Altman analysis.
Results Good correlation and agreement were observed between 2-dimensional strain and sonomicrometry at rest and
during dobutamine infusion; longitudinal strain: r  0.77, p  0.001 and r  0.80, p  0.001; radial strain: r 
0.57, p  0.05 and r  0.63, p  0.05; and circumferential strain: r  0.74, p  0.001 and r  0.58, p 
0.001. Circumferential and longitudinal strains in the risk area were significantly decreased at rest in the pres-
ence of FLS and during dobutamine infusion in the presence of NFLS. By contrast, radial strain was significantly
decreased in the presence of severe FLS only during dobutamine infusion.
Conclusions The 2D strain provides accurate assessment of LV regional function. Evaluation of circumferential and longi-
tudinal strains during DSE has real potential for quantitative evaluation of LV deformation in the routine
assessment of ischemia. (J Am Coll Cardiol 2008;51:149–57) © 2008 by the American College of
Cardiology Foundation
ublished by Elsevier Inc. doi:10.1016/j.jacc.2007.07.088t
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tvaluation of ischemia is essential to the diagnosis of
oronary artery disease. The evaluation of abnormalities of
eft ventricular (LV) function by qualitative estimation of wall
hickening (WT) during dobutamine stress echocardiography
DSE) is somewhat subjective and requires a high level of
xpertise to obtain correct readings (1).
Tissue Doppler imaging and derived strain and strain rate
easurements have been proposed to better quantify regional
ontraction abnormalities at rest or during DSE. However,
rom *INSERM U828 and IFR4, University of Bordeaux 2, and the †Bordeaux
niversity Hospital, Bordeaux, France. Dr. Reant was supported by the French
ederation of Cardiology.p
Manuscript received May 24, 2007; revised manuscript received June 28, 2007,
ccepted July 10, 2007.hese techniques depend on Doppler angle and lack reproduc-
bility, which limit their clinical application (2–8).
See page 158
More recently 2-dimensional (2D) strain, a new echocar-
iographic technique based on speckle tracking, enables
imultaneous evaluation of the 3 components of myocardial
eformation (i.e., circumferential strain [CS], longitudinal
train [LS], and radial strain [RS]) by automatic tracking of
yocardial segments. The tracking system is based on
ray-scale B-mode images. The deformation data are ob-
ained by automatic measurement of the distance between 2
ixels of a LV segment during the cardiac cycle and are
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2D Strain Dobutamine Stress Echocardiography January 15, 2008:149–57independent of angle. Radial and
longitudinal myocardial defor-
mations are analyzed in the api-
cal view, and RS and CS are
simultaneously obtained from
the parasternal short-axis view.
The software tracks a large num-
ber of small regions of the LV
wall during the contraction cycle
and averages their motions with
spline interpolation before extract-
ing regional motion curves. Two-
dimensional strain has been shown
to be accurate in the detection of
contraction changes during isch-
emia, dobutamine infusion, and
increase in afterload (9–12).
On the basis of these consid-
erations, we explored the poten-
ial of 2-dimensional strain for the detection of ischemia
uring DSE in pigs.
ethods
nimal preparation. The experimental protocols complied
ith the Guide for the Care and Use of Laboratory Animals
13). Ten male York pigs, weighing between 30 and 45 kg
38  3 kg) and free of clinically evident disease, were used
or this study. Each animal was sedated with an intramus-
ular injection of 20 mg/kg ketamine hydrochloride plus
cepromazine (1 ml) and anesthetized with sodium pento-
arbital (10 mg/kg). A slow intravenous infusion of saline
aintained hydration throughout the surgery, and anesthe-
ia was maintained by continuous intravenous perfusion of
etamine (500 mg/h). Rectal temperature was monitored
nd kept constant at 37.5°C to 38.6°C using a fluid-filled
eating pad. The trachea was intubated through a midline
ervical incision for connection to a respirator (Servo B,
iemens Medical Solutions, Saint-Denis, France). The pigs
ere then ventilated using room air supplemented with
xygen. Arterial blood gases were monitored periodically
Radiometer, Copenhagen, Denmark), and ventilatory pa-
ameters were adjusted to maintain blood gases within
hysiologic ranges. A fluid-filled catheter was advanced into
he proximal aorta via the left carotid artery for continuous
onitoring of systemic arterial pressure. A sternotomy was
erformed. The heart was suspended in a pericardial cradle,
nd the left anterior descending (LAD) coronary artery was
solated proximal to the first or second diagonal branch. An
ltrasonic flow probe (Transonic Systems Inc., Ithaca, New
ork) was positioned around the LAD coronary artery for
ontinuous measurement of mean coronary flow. A screw
ccluder was then placed around the LAD coronary artery,
mmediately downstream of the ultrasonic flow probe.
eparin (100 IU/kg) was injected intravenously. The chest
Abbreviations
and Acronyms
2D  two-dimensional
CA  control area
CS  circumferential strain
DSE  dobutamine stress
echocardiography
ICC  intraclass
correlation coefficient
LAD  left anterior
descending coronary artery
LS  longitudinal strain
LV  left ventricle
RA  risk area
RS  radial strain
WT  wall thickeningncision was covered with moistened gauze to avoid desic- gation and provide thermal insulation. The pigs were then
llowed to stabilize for 20 min after the surgical preparation
nd before experimentation.
ssessment of contraction by sonomicrometry. For the
onomicrometric measurements, a Sonometrics digital ul-
rasonic measurement system (Sonometrics Corp., London,
ntario, Canada) was used. Three pairs of segment-length
ltrasonic crystals (2 mm) were inserted via a small scalpel
ncision in the LV anterior wall.
To investigate RS, a first pair of crystals was placed and
utured, 1 crystal in the inner layer (placed obliquely to
void damage to the myocardium under study) and another
rystal in the outer layer of the LV anterior wall. To
nalyze LS, a second pair of crystals was positioned
arallel to the long axis of the LV. For CS assessments,
third crystal pair was placed perpendicular to the long
xis of the LV. The longitudinal, circumferential, and
adial peak systolic strains were obtained by calculation of
he instantaneous distance between crystals normalized to
he end-diastolic length. Sonomicrometric data were
cquired immediately before the echocardiographic data
nd then switched off during echocardiographic data
cquisition.
ssessment of contraction by echocardiography. A Vivid
(GE Medical Systems, Horten, Norway) was used to
cquire echocardiographic data with a 4-MHz transducer
laced directly on the epicardium. The transducer was fixed
n a saline-filled latex bag. B-mode second harmonic images
mean frame rate  75 Hz) were recorded in parasternal,
pical 4-chamber, apical 2-chamber, and apical 3-chamber
iews. The imaging planes were matched to the crystal
ositions by direct echocardiographic visualization of the
rystals inserted into the wall. The data were stored and
ransferred to a computer for postprocessing analyses.
he recordings were analyzed with Echopac software
GE Medical Systems). The CS, RS, and WT were
btained in the parasternal short-axis view. Apical views
ere used to measure LS in the risk (RA, anterior wall)
nd control areas (CAs) (inferolateral wall). Echocardio-
raphic analysis consisted of measurement of the peak of
train in the end-systolic phase within the RA and the
A. Figure 1 shows an example of peak CS in RA and in
A in the absence (panel A) and presence of coronary
tenosis (panel B).
xperimental protocol. Figure 2 shows the different
tages of the protocol. After baseline evaluation, 4 stages
f ischemia of increasing severity were applied: 2 stages of
onflow-limiting stenoses (NFLS) and 2 stages of flow-
imiting stenoses (FLS). The NFLS were set to obtain
eductions of LAD flow in hyperemia (obtained by 140
g/kg/min adenosine infusion) by 40% and 70%, respec-
ively. FLS were set to obtain reductions of LAD baseline
esting flow by 25% and 50%, respectively. Aortic pres-
ure, LAD flow, and sonomicrometric and echocardio-
raphic data were obtained for each stage (baseline and
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January 15, 2008:149–57 2D Strain Dobutamine Stress Echocardiographyhe 4 ischemia stages) before and after a 15-min pe-
iod of continuous intravenous dobutamine infusion (30
g/kg/min).
After the end of dobutamine infusion, the animals were
llowed to return to resting conditions (30 min). The
nimals were sacrificed at the end of the experiment while
hey were under deep anesthesia.
tatistical analysis. Data were expressed as means 
tandard deviation. Statistical analysis was performed with
tatEl software (ad Science, Paris, France). The agreement
etween sonomicrometry and 2D strain was assessed by
inear regression analysis and the Bland and Altman method
14). The intraclass correlation coefficient (ICC) was calcu-
ated as a measure of consistency between the 2D strain and
onomicrometry. Hemodynamic and echocardiographic
easurements were compared by a paired Student t test and
hen necessary by the Mann and Whitney test. A p value of
Figure 1 Example
Quantification of peaks (white arrows) in circumferential strain in end systole
in risk areas (yellow curve) and control areas (blue curve) in the (A) absence
of coronary stenosis and (B) presence of flow-limiting stenosis 25%.0.05 was considered significant.Intraobserver and interobserver variability was measured
y calculating the ratio of the mean difference between 2
easurements over the mean of those measurements.
esults
emodynamic data. Basic hemodynamic parameters ob-
ained during the experimental conditions are summarized
n Table 1. Induction of NFLS or FLS did not induce any
ignificant changes in heart rate or blood pressure. Infusion
f dobutamine was systematically followed by a significant
ncrease in heart rate (mean, approximately 24%, p 
.05) and systolic blood pressure (approximately17%, p
S), and this effect occurred to the same extent with or
ithout coronary artery stenosis. Dobutamine also induced
significant increase in coronary flow, but this effect was
ore pronounced in the absence than in the presence of
oronary artery stenosis (100%, 92%, 60%, 62%,
nd 48% in the absence and in the presence of NFLS
0%, NFLS 70%, FLS 25% and FLS 50%, respectively).
alidation of 2D strain. The data obtained under all
xperimental conditions were pooled to evaluate the agree-
ent between the 2 techniques, 2D strain and sonomicrom-
try. Figures 3 to 5 display linear regression analyses (panels
, C, and E) and Bland and Altman analyses (panels B, D,
nd F) between 2D strains and sonomicrometry for LS, RS,
nd CS pooled (at rest  during dobutamine infusion), at
est and during dobutamine infusion. Good correlation and
greement were observed between the 2D strain echocar-
iographic and sonomicrometric data pooled at rest 
uring dobutamine infusion, at rest, and during dobutamine
nfusion for LS (r 0.81, p 0.001, ICC 0.95; r 0.77,
 0.001, ICC  0.96 and r  0.80, p  0.001, ICC 
.93, respectively), RS (r  0.61, p  0.01, ICC  0.98;
 0.57, p  0.05, ICC  0.98 and r  0.63, p  0.05,
CC  0.98, respectively), and CS (r  0.69, p  0.001,
CC  0.62; r  0.74, p  0.001, ICC  0.73 and r 
.58, p  0.001, ICC  0.50, respectively).
Figure 2 Experimental Protocol
Hemodynamic data, echocardiographic measurements, and sonomicrometry
were recorded during control and ischemic conditions, at rest, and during
dobutamine infusion. Stabilization periods of 15 min was defined for dobuta-
mine stress measurements and 30 min after the end of the dobutamine infu-
sion to return to resting condition. Dob  dobutamine; FLS 25%  flow-liming
stenosis with 25% reduction in LAD resting flow; H  hemodynamic measure-
ments; LAD  left anterior descending coronary artery mean; NFLS 40% 
nonflow-limiting stenosis with 40% reduction in LAD hyperemic flow.
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2D Strain Dobutamine Stress Echocardiography January 15, 2008:149–57ffects of ischemia and dobutamine on strain. Figure 6
ummarizes the measurements of myocardial strain obtained
y 2D strain and WT evaluation in RA and CA before and
fter infusion of dobutamine with and without ischemia.
During control conditions (no ischemia), dobutamine
nfusion significantly increased CS by 16.5%  18%, LS by
3%  21%, RS by 55%  45%, and WT by 44%  13%,
nd these same effects were seen in the sonomicrometric
easurements.
At rest, induction of NFLS 40% and NFLS 70% tended
o reduce CS and LS in RA without reaching significance.
LS 25% significantly reduced LS (approximately 27%,
 0.05), and FLS 50% reduced CS (approximately26%,
 0.05). RS was not significantly reduced at rest.
Dobutamine stress echocardiography detected abnormal-
ties in strain in RA during ischemic conditions. The effects
f coronary artery stenosis on the different strains were more
ronounced during dobutamine infusion. The NFLS 40%
id not induce any significant changes in the different
trains, NFLS 70% induced significant reduction in LS
approximately 17%, p  0.05) and CS (approximately
17%, p  0.05) but not in RS. FLS 50% significantly
ecreased LS (approximately 39%, p  0.01), CS (ap-
roximately 26%, p  0.05), RS (approximately 28%,
 0.05), and WT (approximately 29%, p  0.05).
In summary, decreases in LS and CS were observed at an
arlier stage of ischemia than those in RS.
eproducibility. The intraobserver and interobserver vari-
bilities for the different 2-dimensional strain values are
isted in Table 2. The largest difference was observed for RS
uring dobutamine infusion.
iscussion
his experimental study was designed to find out if assess-
ent of 2D strain could detect contraction abnormalities
nduced by ischemia. The ultimate aim was to determine its
otential for diagnosis of coronary artery disease in man.
e investigated the effects of acute coronary artery con-
triction in pigs subjected to dobutamine-induced stress.
ur main findings were 2D strain was as reliable as
onomicrometry for detection of myocardial contraction
bnormalities under both baseline and ischemic conditions
t rest and during dobutamine infusion and CS and LS
etected coronary stenoses at an earlier stage than did RS
oth at rest and during dobutamine challenge.
Over the past decade, dobutamine echocardiography has
ecome an essential tool in the management of patients with
uspected coronary artery disease. Its reliability is compara-
le to that of nuclear magnetic investigation with a higher
ccess level and at a lower cost (15). However, this tech-
ique requires considerable experience, as demonstrated by
ifferences in sensitivity and specificity between novices and
xperienced operators (1). This real limitation stems fromthe fact that this method is based on a qualitative analysis of
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January 15, 2008:149–57 2D Strain Dobutamine Stress Echocardiographyall contraction abnormalities. The reliability and repro-
ucibility of stress echocardiography has been improved by
he advent of quantitative techniques. For instance, the
peckle tracking method automatically obtains deformation
easurements in the 3 main axes based on pure gray-scale
ltrasound imaging.
In the present study, good agreement was found between
-dimensional strain and sonomicrometric data. LS, CS,
nd RS components were estimated almost simultaneously
nd compared between rest and stress situations. Several
xperimental studies have validated 2D strain echocardio-
raphic techniques (with sonomicrometry) during dobuta-
ine infusion (9,11) or during ischemia (10–12). However,
n these studies, the ischemia consisted of an acute coronary
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 after infusion of dobutamine). (C) Linear regression analysis at rest. (D) Bland-
(F) Bland-Altman analysis after dobutamine infusion.cclusion and not coronary stenoses of different severities as en the present study, and dobutamine was not infused
uring the ischemic condition but was evaluated separately.
In clinical studies, 2D strain has been evaluated for
istinguishing transmural from nontransmural infarction
16,17). More recently Ingul et al. (18) investigated myo-
ardial deformation during DSE in 197 patients by auto-
ated analysis and concluded that this technique was
easible and accurate and could enhance sensitivity in the
ands of expert investigators. Automated deformation was
ased on velocity gradient and segment length methods of
easuring longitudinal motion within a region of interest
racked through the cardiac cycle. Both methods had
omparable sensitivities and specificities that were superior
o conventional reading. To our knowledge, the present
y Under Control and
ion of 30 g/kg/min Dobutamine
g/kg/min dobutamine). (B) Bland-Altman analysis of pooled data (at rest
analysis at rest. (E) Linear regression analysis after dobutamine infusion.D
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2D Strain Dobutamine Stress Echocardiography January 15, 2008:149–57ifferent strain components during stress echocardiography
n the presence of different extents of coronary stenosis.
We feel that 2D strain represents a better parameter than
T for early detection of myocardial contraction abnor-
alities during DSE. The 2D strain can evaluate longitu-
inal or circumferential abnormalities, which precede the
ecrease in radial deformation in ischemia. Since subendo-
ardial myocardial fibers, which are mainly longitudinally
riented, are more susceptible to ischemia, it might be
xpected that the longitudinal function is altered earlier
han the radial function (as assessed by the WT parameter)
19,20). This could explain why LS decreased at lower
egrees of coronary constriction and probably at lower doses
f dobutamine than did RS. The distribution of myocardial
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Bland-Altman analysis after dobutamine infusion.bers within the wall has clinical implications for quantify- sng inducible ischemia during DSE. Myocardial deforma-
ions should perhaps be explored independently in the
ifferent LV myocardial layers (subepicardial, midendocar-
ial, and subendocardial).
tudy limitations. In this study, the acute induction of a
oronary artery constriction is not truly representative of the
hronic progression of coronary artery disease in humans, in
hich adaptive processes such as LV remodeling, collateral
ow, and angiogenesis take place. Nevertheless, changes in
V deformation were assessed under dobutamine-induced
tress in a manner similar to that employed in routine
linical practice. Although such differences might have
ffected the extent of the stress-induced modifications, they
ere unlikely to have affected the sonomicrometric and 2D
r Control and
ion of 30 g/kg/min Dobutamine
g/kg/min dobutamine). (B) Bland-Altman analysis of pooled data (at rest 
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January 15, 2008:149–57 2D Strain Dobutamine Stress EchocardiographyStage levels were defined by coronary flow reduction,
hich could be different than myocardial perfusion. How-
ver, our model has been previously validated using micro-
pheres (21).
There are significant changes in regional and global
echanics after opening the pericardium. The numeric
alues and the pattern of changes may be different in
losed-chest models and humans.
The frame rate used for the ultrasound data was 70 to 80
z. A high temporal resolution is required for high heart
ates, such as during DSE. This could explain why the
ntraobserver and interobserver variabilities were lower dur-
ng the dobutamine infusion, when heart rate increased to
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Figure 5 Comparison of Circumferential 2D Strain With Sonomi
Ischemic Conditions at Rest and After an Intravenous
(A) Linear regression analysis of pooled data (at rest  after intravenous infusion
 after infusion of dobutamine). (C) Linear regression analysis at rest. (D) Bland-
(F) Bland-Altman analysis after dobutamine infusion.50 to 155 beats/min. cThe reproducibility of 2D RS was lower than that for LS
r CS, as previously observed (22). This could be partly
xplained by the larger amplitude of this strain compared
ith the other 2 and possibly also by the capacity of the
oftware in this axis.
The number of comparative values was less for RS than
or LS or CS, as we have found it more difficult to obtain a
ood signal for the sonomicrometric evaluation of RS (Figs.
to 4). Such difficulties have also been noted by Korinek
t al. (10).
Although variations between echocardiographic evalu-
tion and sonomicrometry could be partly explained by
isalignment between the ultrasound plane and the
etry Under Control and
ion of 30 g/kg/min Dobutamine
g/kg/min dobutamine). (B) Bland-Altman analysis of pooled data (at rest
analysis at rest. (E) Linear regression analysis after dobutamine infusion.crom
Infus
of 30
Altmanrystals, we took care to keep the ultrasound crystals
w
a
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There was higher variability for radial than for longitudinal or circumferential strains and more
variability during dobutamine infusion than under resting conditions.
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cquisitions.
onclusions
he 2D strain is a new technique with real potential for
uantitative evaluation of myocardial function. During
SE under ischemic conditions, abnormalities in CS and
S were detected before radial dysfunction, and thus they
rovide an earlier indication of coronary stenosis. Clinical
tudies with 2-dimensional strain during DSE are needed
Rest and During Dobutamine Stress
(in %);
er abbreviations as in Figure 2.ariabilities of Myocardial Straineasurement by 2-Dimension l Strain
Table 2 Variabilities of Myocardial StrainMeasurement by 2-Dimensional Strain
Longitudinal
Strain
Circumferential
Strain
Radial
Strain
Mean Strain
Variation
Intraobserver
Rest 7.9% 9% 11% 10%
Dobutamine 10% 11% 15% 13%
Interobserver
Rest 7.5% 10% 13.5% 11%
Dobutamine 11.5% 12% 15.5% 13.5%Figure 6 Myocardial Strains Measured by 2D Strain in RA and CA at
*p  0.05 versus no stenosis (base); p  0.05 versus rest. CS  circumferential strain
LS  longitudinal strain (in %); RS  radial strain (in %); WT  wall thickening (in %); otho confirm these experimental findings.
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